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Abstract
Effective activation of sperm motility is fundamental to successful artificial fertilisation; however, studies
investigating optimal procedures in amphibians are lacking. This study found the optimal osmolality of
activation media for sperm motility activation and evaluated the effect of phosphodiesterase (PDE) inhibitors
on sperm activation and longevity in the critically endangered booroolong frog, Litoria booroolongensis. To
assess the effect of medium osmolality (10, 25, 50, 75, 100 and 200 mOsmol kg−1) and PDE inhibitors
(control, 2.5 mM caffeine, 5 mM caffeine, 2.5 mM pentoxifylline, 5 mM pentoxifylline, 2.5 mM theophylline
and 5 mM theophylline) on initial activation, percentage sperm motility and sperm velocity were quantified
using computer-assisted sperm analysis. To assess the effect of PDE inhibitors (control, 2.5 mM caffeine and
2.5 mM theophylline) on sperm longevity, percentage motility and velocity were assessed hourly until 10 h
after activation. High (>60%) percentage motility was achieved in a broad range of activation-medium
osmolalities (10-75 mOsmol kg−1). PDE inhibitors did not have an effect on initial sperm motility or
velocity, but caffeine and theophylline improved sperm longevity, significantly increasing motility and velocity
at 8, 9 and 10 h after activation. Data also show that sperm longevity in L. booroolongensis is extreme, with
spermatozoa remaining motile more than twice as long as those of any other anuran amphibian.
Disciplines
Medicine and Health Sciences | Social and Behavioral Sciences
Publication Details
Silla, A. J., Keogh, L. M. & Byrne, P. G. (2017). Sperm motility activation in the critically endangered
booroolong frog: the effect of medium osmolality and phosphodiesterase inhibitors. Reproduction Fertility
And Development, 29 (11), 2277-2283.
This journal article is available at Research Online: http://ro.uow.edu.au/smhpapers/5010
1 
 
Sperm motility activation in the critically endangered booroolong 1 
frog: the effect of medium osmolality and phosphodiesterase-2 
inhibitors 3 
 4 
 5 
Aimee J. Silla
1*
, Leesa M. Keogh
1
 and Phillip G. Byrne
1
  6 
 7 
1 
Centre for Sustainable Ecosystem Solutions, School of Biological Sciences, University of Wollongong, 8 
Wollongong, Australia 2522 9 
 10 
 11 
* 
Corresponding author.  12 
aimee.silla@gmx.com 13 
Centre for Sustainable Ecosystem Solutions,  14 
School of Biological Sciences,  15 
University of Wollongong,  16 
Wollongong, Australia 2522 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
Running title: sperm motility activation in the Booroolong frog 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
2 
 
Abstract 39 
Effective activation of sperm motility is fundamental to successful artificial fertilisation, 40 
however studies investigating optimal procedures in amphibians are lacking. This study 41 
found the optimal osmolality of activation media for sperm motility activation, and evaluated 42 
the effect of phosphodiesterase (PDE)-inhibitors on sperm activation and longevity in the 43 
critically endangered booroolong frog, Litoria booroolongensis. To assess the effect of 44 
medium osmolality (10, 25, 50, 75, 100 & 200 mOsmol kg
-1
) and PDE -inhibitors (control, 45 
2.5mM caffeine, 5mM caffeine, 2.5mM pentoxifylline, 5mM pentoxifylline, 2.5mM 46 
theophylline & 5mM theophylline) on initial activation, sperm motility (%) and sperm 47 
velocity (VCL) were quantified using computer assisted sperm analysis (CASA). To assess 48 
the effect of PDE-inhibitors (control, 2.5mM caffeine and 2.5mM theophylline) on sperm 49 
longevity, percentage motility and velocity were assessed hourly until 10 hours post-50 
activation. High (>60%) percent motility was achieved in a broad range of activation-medium 51 
osmolalities (10 - 75 mOsmol kg
-1
). PDE-inhibitors did not have an effect on initial sperm 52 
motility or velocity, but caffeine and theophylline improved sperm longevity, significantly 53 
increasing motility and velocity at 8, 9, and 10 hours post-activation. Data also show that 54 
sperm longevity in L. booroolongensis is extreme, with sperm remaining motile more than 55 
twice the duration of any other anuran amphibian. 56 
 57 
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Introduction 73 
 74 
Reproduction Technologies (RTs) have the potential to bypass the behavioural and physical 75 
impediments to natural mating and fertilisation that animals in captivity often encounter 76 
(Durrant 2009). Of particular value, are chilled sperm storage and cryopreservation 77 
technologies, which facilitate the transfer of genetic material between breeding institutions 78 
for use in artificial fertilisation (AF) trials (Kouba et al. 2013; Keogh et al. 2017). The 79 
success of artificial fertilisation trials largely depends on two characteristics of male quality: 80 
1) the maintenance of high sperm viability during storage, and 2) the effective activation of 81 
sperm motility. Development of protocols for anuran sperm storage has recently received 82 
increased research attention (Kouba et al. 2013; Silla et al. 2015; Keogh et al. 2017), while 83 
research identifying optimal procedures for the activation of sperm motility post-storage is 84 
notably lacking.  85 
 Anuran sperm motility, as in many external fertilisers, is activated by a change in 86 
osmolality between the seminal fluid and that of the external fertilisation medium (Browne et 87 
al. 2015). A sudden decrease in osmotic strength, or hypotonic shock, triggers the activation 88 
of flagellar movement in anurans by promoting an increase in intracellular cyclic adenosine 89 
monophosphate (cAMP) which in turn promotes the phosphorylation of protein kinase A 90 
(PKA) substrates (O'Brien et al. 2011). To ensure sperm motility activation, anuran artificial 91 
fertilisation trials are typically conducted by diluting sperm suspensions in fertilisation media 92 
with osmolalities that do not exceed 50mOsmol kg
-1
 (Wolf and Hedrick 1971; Edwards et al. 93 
2004; Byrne and Silla 2010; Silla 2011). While it is accepted that a low osmolality medium is 94 
required to activate sperm motility during artificial fertilisation, few studies have attempted to 95 
identify osmolality optima, and those that have demonstrate that optimal osmolalities may be 96 
species-specific (Costanzo et al. 1998; Kouba et al. 2003; Byrne et al. 2015). 97 
 Previous research dating back to the 1980’s, on external fertilising fish, has shown 98 
that activation of sperm motility can be further enhanced by manipulating osmolality-induced 99 
cAMP-dependent signalling cascades (Cosson 2004). Phosphodiesterases (PDEs) are a family 100 
of enzymes that hydrolyse cyclic nucleotides and are consequently involved in the regulation 101 
of intracellular levels of cAMP (Boswell-Smith et al. 2006). The addition of PDE inhibitors, 102 
such as caffeine, theophylline, and pentoxifylline, to sperm activation media has been shown 103 
to inhibit PDE activity, increasing levels of cAMP, and resulting in improved sperm motility 104 
in a variety of taxa ranging from invertebrates to mammals (Benau and Terner 1980; Kopf et 105 
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al. 1983; Roth et al. 1994; Yunes et al. 2005; Fitzsimmons et al. 2007). Despite relatively 106 
widespread use of PDE inhibitors to improve male fertility in mammals (Roth et al. 1994; 107 
Yunes et al. 2005; Mostafa 2008; Pankaj et al. 2009; Stephens et al. 2013), only a single 108 
study has tested the effect of  PDE inhibition on the activation of anuran sperm motility 109 
(Fitzsimmons et al. 2007).  Here, the addition of theophylline to the activation medium was 110 
shown to have a positive effect on percentage sperm motility in the Cane Toad, Rhinella 111 
marina (Fitzsimmons et al. 2007). 112 
 In addition to their inhibitory effect on PDE, methylxanthines, including caffeine, 113 
theophylline, and pentoxifylline, have been recognised for their ability to act as antioxidants, 114 
suppressing reactive oxygen species (ROS) formation (Yovich 1993; Devasagayam et al. 115 
1996). Sperm spontaneously produce ROS, which is necessary for normal physiological 116 
sperm function, however oxidative stress ensues when ROS production exceeds the limited 117 
endogenous antioxidant defences that sperm possess (Guthrie and Welch 2012). Oxidative 118 
stress results in peroxidative damage to sperm lipids, membranes and DNA, reducing sperm 119 
viability and fertilisation capacity (Guthrie and Welch 2012; Dias et al. 2014). Addition of 120 
pentoxifylline to the activation medium has been previously shown to suppress ROS 121 
formation and improve sperm motility in humans (Yovich 1993; Safarinejad 2011).  The 122 
combined action of phosphodiesterase inhibition and ROS scavenging may similarly improve 123 
percentage sperm motility activation and  longevity in a variety of amphibian species and 124 
warrants investigation. 125 
The aim of this study was to identify optimal conditions for sperm motility activation 126 
in the critically endangered booroolong frog, Litoria booroolongenis. Our specific objectives 127 
were to evaluate: 1) the effect of medium osmolality on the activation of sperm motility, 2) 128 
the effect of PDE-inhibitors (caffeine, theophylline, and pentoxifylline) on the activation of 129 
sperm motility, and 3) the effect of PDE-inhibitors (caffeine and theophylline) on sperm 130 
longevity. 131 
 132 
 133 
Materials and methods 134 
All procedures described herein were approved by the University of Wollongong’s Animal 135 
Ethics Committee (protocols AE11/23 and AE12/17). Please note that frogs were not 136 
specifically ethanized for the purpose of the present study, but freshly available testis tissue 137 
was used post-mortem.   138 
 139 
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 140 
Animals  141 
Frogs were bred and reared in captivity at Taronga Zoo (Sydney, NSW, Australia). A total of 142 
32 males were transported to the Ecological Research Centre at the University of 143 
Wollongong (Wollongong, NSW, Australia), where they were held until the commencement 144 
of this experiment. Frogs were housed in ventilated plastic terrariums (27 x 17 x 16.5 cm, L x 145 
W x H; Mayvic, Lansvale, NSW, Australia), two frogs per terrarium. Enclosures contained a 146 
layer of aquarium gravel and sterilised Eucalypt leaves for shelter. Animals had constant 147 
access to approximately 200mL reverse osmosis water and were fed 10-day-old crickets once 148 
a week. Frogs were maintained in an artificially illuminated constant temperature room set to 149 
22°C with a 13 h/11 h light/dark cycle that included a 30 min twilight (dim lighting) phase at 150 
both dawn and dusk. These conditions were chosen to reflect natural field conditions during 151 
late austral spring. Prior to the initiation of experiments, frogs were determined to be in 152 
breeding condition by the darkening of their nuptial pads and initiation of calling behaviour. 153 
All frogs were 1 - 2 years of age at the time of the study and ranged in mass from 1.44 – 7.11 154 
grams  (mean ± sem = 3.62 ± 0.29 g). 155 
 156 
Preparation of sperm suspensions 157 
Sperm suspensions were generated via testes extraction and maceration. Male frogs (n=32) 158 
were killed via pithing (brain destruction), after which both testes were removed and placed 159 
in a 1.5mL eppendorf tube. The testes of each individual were then thoroughly macerated in 160 
200- 300µL chilled 1:1 simplified amphibian ringer (SAR; composition: NaCl 113mM; 161 
CaCl2 1mM; KCl 2mM; NaHCO3 3.6mM; 200mOsmol kg
-1
). Males with a body mass of < 162 
3g had both testes macerated in 200µL SAR, while testes removed from males weighing > 3g 163 
were macerated in 300µL SAR. For each suspension, sperm concentration was quantified 164 
using an Improved Neubauer Haemocytometer (Bright Line, Optik Labor, Germany). A 165 
homogenised 2µL subsample of sperm suspension was diluted in 18µL SAR (1:10 dilution), 166 
homogenised and pipetted into the haemocytometer chamber. The number of spermatozoa 167 
present in five quadrats was recorded and used to calculate total sperm concentration within 168 
the suspension. The dilution and counting protocols were repeated twice per suspension, and 169 
sperm counts averaged. Sperm suspensions (n=32) ranged in concentration from 1.50 – 15.18 170 
x 10
7
sperm L
-1
. 171 
 172 
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Standard protocols for conducting amphibian artificial fertilisation (AF), typically involve 173 
preparing and storing sperm suspensions prior to obtaining fresh oocytes (Silla 2011; 2013; 174 
Silla et al. 2015).  Sperm suspensions are stored in a high osmolality solution (≥ 200mOsmol 175 
kg
-1
) at low temperature (0-5°C) until motility is activated in a fertilisation medium (Browne 176 
et al. 2001; Silla et al. 2015). The present study aimed to replicate these standard protocols 177 
and all sperm suspensions were therefore refrigerated at 5°C for 20-21 hours prior to the 178 
commencement activation of experiments. Experiments were conducted from November 9, 179 
2012 to January 21, 2013. 180 
 181 
Experiment 1: Effect of medium osmolality on the activation of sperm motility  182 
To determine the effect of medium osmolality on sperm motility activation, a split-sample 183 
experimental design was adopted. This approach involved activating aliquots of sperm 184 
suspension from each individual male (n=10) across all experimental treatments. In total, six 185 
activation media were applied: 10, 25, 50, 75, 100, and 200 ± 2mOsmol kg
-1
. Activation 186 
media were generated by diluting SAR in distilled water. The osmolality of each medium was 187 
confirmed using a freezing-point depression osmometer (Osmomat
®
030, Gonotec, Germany). 188 
To activate sperm motility, each sperm suspension was homogenised, and six discrete 2µl 189 
subsamples were removed and diluted in 18µl of each of the six chilled activation media 190 
(1:10 dilution). The order in which each activation treatment was applied was randomized for 191 
each sperm suspension using a random number generator. Percentage sperm motility and 192 
sperm velocity (curvilinear velocity; VCL) were assessed using a computer assisted sperm 193 
analysis (CASA) system (CEROS version 12; Hamilton Thorne, Beverley, MA). Percentage 194 
sperm motility and VCL  were recorded five-minutes post-activation, including a two minute 195 
settling period, where the suspension was pipetted into a haemocytometer chamber (exact 196 
depth 0.1mm) and placed on the microscope stage to allow fluid to settle prior to analysis. A 197 
fluid settlement period was necessary to ensure accurate sperm motility readings that were 198 
unaltered by fluid dynamics. All sperm motility assessments were conducted in quadruplicate 199 
and averaged. Sperm suspensions were activated and motility parameters assessed, in a 200 
constant temperature room set to 22ºC (mean ± sem= 21.21 ± 0.12, range= 21.1 -21.8 ºC). 201 
 202 
Experiment 2: Effect of phosphodiesterase inhibition on the activation of sperm 203 
motility  204 
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The effect of PDE inhibition on sperm motility activation was determined by activating 205 
sperm suspensions in media containing one of three PDE inhibitors (caffeine [C0750; Sigma-206 
Aldrich, Castle Hill, NSW, Australia], pentoxifylline [P1784; Sigma-Aldrich], and 207 
theophylline [T1633; Sigma-Aldrich]), at two concentrations (2.5mM and 5mM). Aliquots of 208 
sperm suspension from each replicate male (n=10) were activated across all experimental 209 
treatments (split-sample experimental design). PDE activation media were generated by 210 
diluting each PDE inhibitor in a 1:16 dilution of SAR (25 ± 2mOsmol kg-
1
) to the appropriate 211 
concentration. A control treatment consisted of sperm activated in pure 1:16 SAR. To 212 
activate sperm motility, each sperm suspension was homogenised and seven discrete 2µl 213 
subsamples were removed and diluted in 18µl of each of the seven PDE activation media 214 
(2.5mM caffeine, 5mM caffeine, 2.5mM  pentoxifylline, 5mM  pentoxifylline, 2.5mM  215 
theophylline, 5mM  theophylline, or control). The order in which each PDE activation 216 
treatment was applied was randomized. Percentage sperm motility and VCL  were recorded 217 
five-minutes post-activation according to the methods described in ‘Experiment 1’ above. All 218 
sperm suspensions were activated, and motility assessments conducted, in a constant 219 
temperature room set to 22ºC (mean ± sem= 21.74 ± 0.12, range= 21.0 -22.3 ºC). 220 
 221 
Experiment 3: Effect of phosphodiesterase inhibition on sperm longevity 222 
To determine the effect of PDE inhibition on the longevity of sperm motility activation, three 223 
treatments were applied (control, caffeine, and theophylline) and sperm motility measured up 224 
to 10h post-activation. PDE activation media were generated by diluting each PDE inhibitor 225 
(caffeine and theophylline) in a 1:16 dilution of SAR (25 ± 2mOsmol kg-1) to a final 226 
concentration of 2.5mM. A control treatment consisted of sperm activated in pure 1:16 SAR. 227 
Aliquots of sperm suspension from each replicate male (n=12) were activated across all 228 
experimental treatments (split-sample experimental design). Sperm motility was activated by 229 
homogenising each sperm suspension, removing three discrete 2µl subsamples, and diluting 230 
each subsample in 18µl of each of the three PDE activation media. Activated subsamples 231 
were pipetted into independent semen analysis slide chambers (exact depth 0.02mm; 4-cell 232 
chambered, Leja, Nieuw- Vennep, The Netherlands). Percentage sperm motility and VCL  233 
were recorded five-minutes post-activation (0h) and every hour thereafter until 10hrs post-234 
activation. Chambered semen analysis slides were covered with laboratory film wax 235 
(Parafilm®, Chicago, IL, USA) between each motility analysis time interval in order to 236 
prevent any evaporation of the activation fluid medium. Sperm motility assessments were 237 
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conducted in quadruplicate and averaged. All sperm suspensions were activated, and motility 238 
assessments conducted, in a constant temperature room set to 22ºC (mean ± sem= 20.4 ± 239 
0.14, range= 19.4 -21.6 ºC). 240 
 241 
Computer assisted sperm analysis (CASA) 242 
The CASA system used throughout experiments 1-3 inclusive, was set to detect a cell size of 243 
7 pixels (minimum cell size 4 pixels), minimum cell detection contrast of 30, static cell size 244 
of 10 pixels, and a static cell intensity of 80. VAP cut-off was 5 m/s and slow moving 245 
spermatozoa (those with VAP < 5 m/s) were considered motile and contributed to percent 246 
motility measures.  247 
 248 
Statistical analyses  249 
In order to test the effect of osmolality and PDE inhibition on sperm motility activation, one-250 
way ANOVA models were run. For each model, the dependent variable was either percent 251 
sperm motility or velocity (VCL) and the independent variable was treatment. Comparisons 252 
among treatment means were conducted using Tukey-Kramer Honestly Significant 253 
Difference (HSD) post hoc tests. Prior to analyses, all percent motility data was arcsine 254 
transformed using the transformation sin
-1
(√x). Brown–Forsythe tests were used to verify 255 
homogeneity of variances. To test the effect of PDE inhibition on the longevity of sperm 256 
motility activation two repeated measures MANOVAs were performed. Within each model, 257 
treatment and sampling time (0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 h) were fixed factors, and the 258 
response variable was either percent motility (arcsine transformed) or VCL. Prior to analysis, 259 
assumptions of sphericity for within subject effects were tested using the Mauchly criterion. 260 
A Greenhouse–Geisser correction for sphericity was applied. Following the MANOVA 261 
model, the effect of treatment at each sampling time (0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 h) was 262 
examined using separate one-way ANOVAs and Tukey-Kramer HSD post hoc tests. All 263 
statistical analyses were performed using JMP® pro 11.0 software package (SAS Institute 264 
Inc. North Carolina, USA). Significance was accepted at p<0.05 for all statistical analyses. 265 
 266 
Results 267 
Experiment 1: Effect of medium osmolality on the activation of sperm motility  268 
The osmolality of the activation medium had a significant effect on both percent sperm 269 
motility (one-way ANOVA, F5,54 = 12.689, p < 0.0001; Fig. 1a) and sperm velocity (one-way 270 
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ANOVA , F5,54 = 5.998, p = 0.0002; Fig. 1b). The percentage of motile sperm was 271 
significantly lower (35.9%) at 200 mOsmol kg
-1
, than all other osmolality treatments (Fig. 272 
1a). Activation media with osmolalities ≤ 50 mOsmol kg
-1
 exhibited percent motilities of 273 
greater than 70% (Fig. 1a), with the highest percent motility (73.61%)  observed at an 274 
osmolality of 25 mOsmol kg
-1
. Sperm velocities were consistently greater than 22µm s
-1
 in all 275 
osmolality treatments, with the exception of  200 mOsmol kg
-1
, which exhibited a 276 
significantly lower mean velocity (16.58µm s
-1
; Fig. 1b). 277 
 278 
Experiment 2: Effect of phosphodiesterase inhibition on the activation of sperm 279 
motility  280 
Percent sperm motility did not differ significantly among PDE activation treatments (one-281 
way ANOVA,  F6,63 = 0.813, p = 0.564; Fig. 2a). Overall, mean sperm motilities ranged from 282 
59.26 to 68.51%. Sperm velocity was lowest in the control treatment (25.69µm s
-1
) and 283 
highest in activation media containing 2.5mM theophyllene (28.14µm s
-1
), though differences 284 
among PDE activation treatments were not statistically significant (one-way ANOVA,  F6,63 = 285 
1.106, p = 0.369; Fig. 2b). 286 
 287 
Experiment 3: Effect of phosphodiesterase inhibition on sperm longevity 288 
Percent sperm motility declined over the 10-hour activation period  in all experimental 289 
treatments (MANOVA; Greenhouse-Geisser corrected F = 208.85, p < 0.0001; Fig. 3a), with 290 
initial mean motilities of greater than 76% falling to below 35% by the 10
th
 hour. PDE 291 
treatment had a significant effect on average sperm motility at 8 hours (one-way ANOVA,  292 
F2,33 = 9.42, p = 0.0006), 9 hours (one-way ANOVA,  F2,33 = 22.13, p < 0.0001), and 10 hours 293 
(one-way ANOVA,  F2,33 = 26.77, p < 0.0001) post activation (Fig. 3a). At each of these three 294 
time periods (8, 9, and 10h), the control treatment showed significantly lower percent sperm 295 
motility than samples treated with either caffeine or theophyllene (Tukey-Kramer HSD, p > 296 
0.05; Fig. 3a). Sperm motility was statistically similar among PDE treatments from hours 0- 7 297 
post-activation (one-way ANOVAs, p > 0.05; Fig. 3a). 298 
 Sperm velocity declined over the 10-hour activation period in all experimental 299 
treatments (MANOVA; Greenhouse-Geisser corrected F = 83.77, p < 0.0001); Fig. 3b). As 300 
with percent motility, sperm velocity was statistically similar among PDE treatments between 301 
0-7 hours post-activation (one-way ANOVAs, p > 0.05; Fig. 3b). PDE treatment had a 302 
significant effect on average sperm velocity at 8 hours (one-way ANOVA,  F2,33 = 5.01, p = 303 
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0.013), 9 hours (one-way ANOVA,  F2,33 = 4.86, p = 0.014), and 10 hours (one-way 304 
ANOVA,  F2,33 = 7.12, p = 0.003) post activation (Fig. 3b). At each of these three time 305 
periods (8, 9, and 10h), the control treatment showed significantly lower sperm velocity than 306 
activation media containing either caffeine or theophyllene (Tukey-Kramer HSD, p > 0.05; 307 
Fig. 3b). 308 
 309 
Discussion 310 
Identifying properties of the activation medium required for optimal recovery of anuran 311 
sperm motility post-storage is fundamental to achieving successful artificial fertilisations. 312 
Despite this, research on the topic has been limited. The present study identifies activation-313 
medium osmolality optima and shows that PDE-inhibitors enhance sperm longevity in the 314 
booroolong frog. 315 
While it is generally accepted that a low osmolality medium is required to activate 316 
anuran sperm motility (Browne et al. 2015), results from the present study show that sperm 317 
from the booroolong frog achieves high (>60%) percent motility in a broad range of 318 
activation-medium osmolalities (10 - 75 mOsmol kg
-1
). Successful sperm activation in 319 
response to a broad range of activation-medium osmolalities has similarly been reported in 320 
the common eastern froglet, Crinia signifera (>30% sperm motility in media ranging from 321 
10- 75 mOsmol kg
-1
, Byrne et al. 2015) and the African clawed frog, Xenopus laevis (>30% 322 
motility in media ranging from 37- 75 mOsmol L
-1
, Christensen 2002). These results are in 323 
contrast to those of Kouba et al (2003), who reported a rapid decline in percent motility in 324 
activation media with osmolalities ≥ 20 mOsmol L
-1
 (solutions of 10 - 50 mM NaCl) in the 325 
American toad, Anaxyrus americanus. Of note, all studies to date have tested the effect of 326 
medium-osmolality on anuran sperm activation by employing saline solutions at various 327 
dilutions. It is unclear from this approach whether differences in sperm activation are a 328 
consequence of overall osmolality of the activation medium, or differences in the 329 
concentration of specific cations in solution. Regardless of the mechanism, data suggest that 330 
there is species-specificity in the activation response of anuran spermatozoa. It has previously 331 
been suggested that osmolality optima and osmotic tolerance of anuran sperm may reflect the 332 
level of osmotic stochasticity of the fertilisation environment experienced by a species (Byrne 333 
et al. 2015). Given that the majority of anuran species have a long evolutionary history of 334 
breeding in osmotically dynamic waterbodies, selection may have favoured broad osmotic 335 
activation tolerance in a greater number of anuran species than is currently realised.  336 
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 Results from the present study show that the addition of PDE-inhibitors to the 337 
activation medium did not have an effect on initial percent sperm motility or velocity, but that 338 
Caffeine and Theophylline improved sperm longevity, increasing percent motility and 339 
velocity at 8, 9, and 10 hours post activation. PDE-inhibition has been shown to improve 340 
flagellar motility by increasing intracellular cAMP content, however previous studies report 341 
an immediate effect on sperm motility that declines with increasing time post-activation 342 
(Morisawa and Ishida 1987; Calogero et al. 1998). One explanation for the positive effect of 343 
Caffeine and Theophylline being delayed, is that sperm longevity was enhanced, not as an 344 
outcome of PDE-inhibition, but as a result of the antioxidant properties of these additives. 345 
The rate of intracellular damage to sperm, and concomitant decrease in overall percent sperm 346 
motility of the sperm suspension, would be expected to increase over time as the production 347 
of ROS exceeds sperm’s endogenous antioxidant capacity (Dias et al. 2014). As a 348 
consequence, the effects of exogenous antioxidants may only become apparent once ROS 349 
production surpasses a threshold and disrupts intracellular redox balance. Indeed, previous 350 
research on brown trout (Salmo trutta) revealed a 50% increase in ROS concentrations in 351 
both spermatozoa and seminal plasma following a 48 hour incubation period, which was 352 
significantly reduced in the presence of the antioxidant uric acid (Lahnsteiner et al. 2010). It 353 
is unclear whether the improvements to sperm motility characteristics observed in the present 354 
study were an outcome of the antioxidant properties of Caffeine and Theophylline. Further 355 
research would benefit from the use of luminal chemiluminesence assays which allow the 356 
direct measurement intracellular and extracellular ROS generation by spermatozoa (Kashou 357 
et al. 2013). 358 
 Activation of sperm motility occurs within seconds in externally fertilising fish and 359 
amphibians and is followed by a rapid to moderate decline in velocity and percent motility 360 
(Cosson 2004; Browne et al. 2015). To date, sperm longevity has been reported to be shortest 361 
in freshwater fish (mean = 2.5 mins, n = 54 species), followed by marine fish (mean = 9.2 362 
mins, n = 13 species), and finally anurans (mean = 68.3 mins, n = 21 species)(reviewed by 363 
Browne et al. 2015). Of the 21 anuran species previously investigated, sperm longevity 364 
ranged from 2.8 mins in the chinese giant salamander (Andrias davidianus) to a maximum 365 
duration of 4.5 hours in the broad palmed frog (Litoria latopalmata)(Browne et al. 2015). 366 
Data from the present study show that 10 % of sperm from the booroolong frog remain motile 367 
at 10 hours post-activation, representing unprecedented sperm endurance that more than 368 
doubles the maximum sperm activation duration previously recorded in an anuran. It is 369 
unclear why extreme sperm longevity may have evolved in L.booroolongensis, but 370 
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evolutionary theory suggests that it may be linked to sperm competition risk (Snook 2005), 371 
ovum diameter or water turbulence (Stockley et al. 1996). Given that little is known about the 372 
adaptive benefit of increased sperm longevity in anurans, and external fertilisers in general, 373 
this is an area that requires research attention. 374 
  375 
Conclusions  376 
Overall, this study shows that sperm from the booroolong frog are activated in a broad-range 377 
of activation medium osmolalities and that PDE-inhibitors improved sperm longevity, 378 
increasing percent motility and velocity at 8, 9, and 10 hours post activation. We postulate 379 
that the stimulatory effect of PDE-inhibitors may be a result of their antioxidant properties, 380 
and this warrants further investigation. We also show that sperm longevity in L. 381 
booroolongensis is extreme compared to what has been previously reported in other anurans. 382 
 383 
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 568 
 569 
Figure legends 570 
 571 
Fig. 1: Effect of activation medium osmolality on a) percentage sperm motility and b) 572 
sperm velocity (VCL). Data shown are untransformed mean ± s.e.m. (n=10). Letters 573 
displayed are the result of Tukey–Kramer HSD post hoc tests on sin
-1
(√x) transformed 574 
percent motility and untransformed velocity data. Treatments that share a letter are not 575 
significantly different (P>0.05). 576 
 577 
Fig. 2: Effect of phosphodiesterase inhibitors on a) percentage sperm motility and b) 578 
sperm velocity (VCL). Data shown are untransformed mean ± s.e.m. (n=10). Letters 579 
displayed are the result of Tukey–Kramer HSD post hoc tests on sin
-1
(√x) transformed 580 
percent motility and untransformed velocity data. Treatments that share a letter are not 581 
significantly different (P>0.05). 582 
 583 
Fig. 3: Effect of phosphodiesterase inhibitors on the duration of sperm motility 584 
activation. Shown are: a) percentage sperm motility and b) sperm velocity (VCL). * denotes 585 
time periods where treatments are significantly different (P>0.05). 586 
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